Enzymatic degradation of plant cell wall polysaccharides (cellulose, hemicellulose, 2 and pectin) has many industrial applications, such as biofuel, paper, and food. Among 3 these polysaccharides, the hemicelluloses, including xylan, (galacto)glucomannan, and 4 xyloglucan, are the second most abundant organic structure in the plant cell wall after 5 cellulose. 6
Galactomannan consists of a β-1,4-linked D-mannose residues backbone, which 7
can be substituted by D-galactose residues via an α-1,6-linkage. Mannose/galactose 8 ratios vary from 1.0 to 5.3 depending on the source of the polysaccharides. 9
Galactoglucomannan has a similar structure to galactomannan, but the backbone 10 consists of β-1,4-linked D-mannose and D-glucose residues. and AglB, belong to GH27, and the third enzyme AglC belongs to GH36. AglB is 20 known to be the major α-galactosidase involved in galactomannan degradation. [7] The 21 enzyme catalyzes the hydrolysis of the α-galactosidic linkage though retaining 22 mechanism, which is composed of two chemical steps, glycosylation and 23 deglycosylation, with a galactosyl-enzyme intermediate between the two steps. 24
The aglB gene is expressed at the basal level on a wide range of carbon sources 25 The purity of rAglB was determined by SDS-PAGE. N-deglycosylation of the 25 purified rAglB with endoglycosidase H (0.25 U Roche, Basel, Switzerland) was carried 1 out at 37°C for 16 h after the enzyme (0.1 mg/0.1 mL) was denatured by heating at 2 100°C for 10 min. The protein concentration of the purified enzyme was estimated by 3 amino acid analysis of the protein hydrolysate (6 M HCl, 110°C, 24 h) using 4 JLC-500/V (Nihon Denshi, Tokyo, Japan) equipped with a ninhydrin-detection system. 5
Enzyme activity was measured at 37°C in the standard mixture (200 μL) consisting 6 of 2 mM PNPG (Nacalai tesque, Kyoto, Japan) , 50 mM sodium acetate buffer (pH 4.6), 7 0.1 mg/mL bovine serum albumin (BSA), and enzyme at the appropriate concentration. 8
The reaction was stopped every 3 min by mixing an aliquot of 50 μL of the reaction 9 mixture with 100 μL of 1 M sodium carbonate. The amount of p-nitrophenol released 10 was measured by the absorption at 400 nm in a 1 cm cuvette using a one molar 11 extinction coefficient of 5560 M −1 cm −1 . Enzyme activity was defined as the amount of 12 enzyme hydrolyzing 1 μmol PNPG per minute under the above conditions. 13
The effects of temperature on PNPG hydrolysis activity were investigated under 14 standard assay conditions at various temperatures from 25-55°C. To measure 15 thermostability, the enzyme in 100 mM sodium acetate buffer (pH 4.4) containing 0.17 16 mg/mL BSA was kept at 25-55°C for 15 min, after which their residual activities under 17 the standard assay conditions were measured. To measure pH stability, rAglB was 18 incubated in Britton-Robinson buffer (pH 2.5-10.0) containing 0.01 mg/mL BSA at 4°C 19 for 24 h, after which their residual activities under the standard assay conditions were 20 measured. The stable region was defined as the pH range that exhibited a residual 21 activity of >90%. 22
The kinetic parameters for hydrolysis of PNPG were calculated from the initial 23 rates at eight substrate concentrations (0.048-2 mM) at various pH values (40 mM 24 citrate-80 mM Na 2 HPO 4 buffer) by fitting the expression for substrate inhibition; 25
2 ⁄K i ), using KaleidaGraph 3.6J (Synergy Software, 1
Reading, PA, USA). The rate constant obtained at each pH level were fitted to a 2 theoretical bell shaped ionization curve: k cat /K m = limit ⁄ {1+10
(pH -pKe1) + 10 The matured polypeptide (Leu17 to Cys433) of AglB was produced as a fusion 24 protein with the N-terminal peptide encoding the S. cerevisiae α-factor secretion signal 25 and C-terminal His 6 -tag, in P. pastoris. The rAglB was purified with Ni-affinity column 1 chromatography. The specific activity of the purified enzyme was 197 U/mg. The 2 purified enzyme showed a broad band on a SDS-PAGE gel and converged on a sharp 3 single band with a molecular mass of 60 kDa by a treatment of endoglycosidase H (Fig.  4   1) . The broad band could be due to the hyper-glycosylation. The amino acid sequence 5 bears seven sequons (Asn-X-Ser/Thr) and these should be highly glycosylated. The 6 molecular mass of 60 kDa was still slightly larger than a theoretical molecular mass 7 calculated from the amino acid sequence including the hexa-histidine tag and its spacer 8 sequence (51 kDa), and the rAglB could be partially modified by O-glycosylation. 9
The effects of temperature and pH on rAglB activity were investigated. The rAglB 10 was stable for 15 min during heat treatments at temperatures up to 45°C and for 24 h 11 between pH 3.7-7.8 at 4°C. Maximum PNPG hydrolysis rates were obtained at 45-12 50°C. These properties were almost identical to the native AglB except for heat-stability, 13 which of the native enzyme was less than 36°C. To determine the optimum pH, the 14 hydrolysis rate of 2 mM PNPG was measured at various pH levels from 3.0-7.0. The 15 hydrolytic rates showed no bell shape and they increased with decreasing pH (Fig. 2A) . 16 This profile was rather odd because the double displacement mechanism uses two 17 ionization groups for catalysis and a pH rate profile should display a typical bell shape. 18
19

Substrate inhibition in the hydrolysis of PNPG. 20
Kinetic parameters for the hydrolysis of PNPG at various pH levels were 21 determined to investigate the pH rate profile in some detail. The hydrolytic rate 22 departed from the Michaelis-Menten equation as displayed in Fig. 2B . These data fitted 23 well to the substrate inhibition expression. This kinetic behavior was observed at all 24
other pH levels that were tested (Table 1) . Even though the hydrolytic rates of 2 mM 25 PNPG at various pH levels showed no bell shape, the pH-dependence of k cat /K m was 1 accurately bell shaped and the obtained pK e values were 3.0 and 6.1 (Fig. 2C) . This 2 should be because k cat /K m [= k 1 k 2 ⁄ (k −1 + k 2 )] is never affected by the concentration of a 3 substrate and substrate inhibition. The non-bell shaped behavior was probably thus due 4 to the substrate inhibition behavior. 5
In the case of the AglB, which employs the double displacement mechanism, a 6 substrate transglycosylation pathway should be taken into account as well as the 7 substrate inhibition in order to explain the observed kinetic behavior because the 8 substrate transglycosylation results demonstrate a similar kinetic behavior as the 9 substrate inhibition behavior. [10] The ability of transglycosylation of the rAglB was 10 investigated by using 2 mM of PNPG as the substrate. The concentration of released 11 galactose and that of p-nitrophenol from the rAglB reaction were measured by 12 HPAEC-PAD and spectrophotometric analyses, respectively. Their concentrations were 13 almost identical and no transglycosylation product was detected on HPAEC-PAD. 14 Therefore, the enzyme exhibited no transglycosylation, and the non-Michaelian 15 behavior was most likely due to substrate inhibition. Although the rAglB showed 16 substrate inhibition for the hydrolysis of PNPG, it followed the Michaelian-kinetics for 17 hydrolysis of the natural substrates, including melibiose, raffinose, stachyose, and 18 galactomanno-oligosaccharides as mentioned below. 19
This contrasting kinetic behaviors can be accounted for the difference of K d values, 20 which represent the dissociation constant of a second molecule of substrate from the 21 enzyme, between PNPG and the natural substrates. In the double displacement 22 mechanism, substrate inhibition will occur when a substrate molecule secondarily binds 23 to a Michaelis complex (ES complex) and gives rise to a substrate-inhibited Michaelis 24 complex (ESS complex) that is catalytically inactive (scheme 1 in Fig. 3) . Furthermore, 25 the formation of the FS complex that turns over slowly (extremely small k 5 ) will also 1 cause substrate inhibition (scheme 2 in Fig. 3) . If the FS complex turns over sufficiently, 2 transglycosylation would occur instead of substrate inhibition. The rate equations of 3 schemes 1 and 2 are expressed as Eqs. 1 and 2, respectively. 4
The rate equations indicate that each K i is expressed as
(k 2 + k 3 ) ⁄ k 2 (scheme 2). The K d value would be thus closely related to the strength of 9 the inhibition in each case. It is likely that the much larger K d value of the natural 10 substrates than that of PNPG leads the [S] squared term to approach zero and gives the 11 law to the Michaelian-kinetics. 12
Although the difference in the K d value between PNPG and the natural substrates 13 should contribute to the contrasting kinetic behaviors, no inhibition observed in the 14 natural substrates can be explained by difference in rate constants, k 2 and k 3 , when the 15 K d value of the natural substrates being comparable to that of PNPG. This is because K i 16 is ruled by not only K d but also k 2 and k 3 , and these rate constants can affect the 17 substrate inhibition behavior. When k 3 ≪ k 2 in scheme 1 and k 2 ≪ k 3 in scheme 2 hold, 18 the respective [S] squared term of their rate equations would be negligibly small, and 19 thus no substrate inhibition can be observed. For hydrolysis of the natural substrates, k 2 20 Eq. 1
Eq. 2 is a rate constant for a bond cleavage step and might be much smaller than k 3 . The 1
Michaelian-behavior for hydrolysis of the natural substrates can be thus attributed to the 2 reaction following the scheme 2. Likewise, the substrate inhibition of the hydrolysis of 3 PNPG can be explained. If k 2 ≪ k 3 is established for the same reason as the natural 4 substrates, the substrate inhibition is caused by the formation of ESS (scheme 1). 5
Meanwhile, if the reaction employs scheme 2 as is the case of the natural substrates, the 6 substrate inhibition occurs unless k 2 ≪ k 3 is established. The k 2 value for the hydrolysis 7 of PNPG can be greater than that of the natural substrates because pK a of the leaving 8 group of PNPG is lower than that of the natural substrates: the pK a value of 9 p-nitrophenol is 7.18 and the calculated pK a values of O6 of α-and β-glucoses, which 10 correspond to the leaving group of melibiose, are 15.86 and 20.65, respectively. [11] It 11 is thus possible that the k 2 value for the hydrolysis of PNPG goes close to the k 3 value 12 and somewhat breaks down k 2 ≪ k 3 . Hence, it may allow the formation of the FS 13 complex and cause the substrate inhibition. As mentioned above, AglB exhibited no 14 transglycosylation using 2 mM of PNPG, and this result implied that turnover of the FS 15 complex is too slow if the complex formed. 16 We favor the hypothesis that the substrate inhibition of PNPG is caused by the 17 formation of the inert FS complex (scheme 2), as long as PNPG and the natural 18 
